Dieback of Dalbergia sissoo Roxb. (sissoo) is a disastrous disease, which has destroyed millions of forest trees in South Asia. Plant pathogenic fungi and bacteria were found associated with diseased trees, but the causative disease agent has not yet been identified unequivocally. In order to see whether plant viruses could be detected in diseased trees, present author applied bioassays, transmission electron microscopy and double-stranded RNA (dsRNA) isolation, followed by cDNA cloning. Unknown virus particles and a complex pattern of dsRNA could be detected in leaf homogenates from dieback affected sissoo trees, in contrast to an uninfected tree. Disease associated dsRNA bands ranged in size from 0.6 to 3.5 kbp, and a cDNA clone derived from dsRNA showed partial sequence homology to a plant viral RNA polymerase. Our data indicated for the first time the presence of unknown virus(es) in dieback-affected Dalbergia sissoo in Bangladesh.
Introduction
Dalbergia sissoo Roxb. (Family Fabaceae, Subfamily Papilionoideae) is a tropical forest tree species, locally called shisham or sissoo. Its natural geographic distribution spans over a broad region in the Indian subcontinent at the foot of the Himalaya including Pakistan, India, and Nepal, usually at a geographical height between 900 and 1500 m (Southon 1994) . Sissoo is cultivated in tropical regions world-wide as a valuable timber, which belongs to the group of palisander wood. In north and southwest of Bangladesh almost 60% of all forest plantations are sissoo plantations, thus demonstrating the economic importance of this timber species (Baksha and Basak 2003) .
Since 1993 a severe disease called dieback has been recognized in several countries of the Indian subcontinent (Shukla 2002) . The disease is characterized by a combination of symptoms, beginning with wilting of leaves. Later leaves become necrotic and fall down, as well as development of smaller twigs, leading to increasing crown transparency. Loss of branches follows and the disease ends up in the final stage of stagheadedness, where the affected trees loose almost all parts of the canopy. Black spots with gummosis appear on the base of the trunk and are found up to a height of three to five meters with progressing disease (Baksha and Basak 2003) .
Various factors have been discussed as causes of the dieback disease. Abiotic factors have been suggested to contribute to the dieback of sissoo such as drought, flooding or soil conditions (Sharma et al. 2000) , while other authors negate the importance of such factors (Webb and Hossain 2005) . Fungi have been predominantly claimed as causative agents of dieback, including Fusarium solani, which was reported from India as early as in 1954 as putative agent of a disease on sissoo similar to dieback (Bakshi 1954) . More recently a collection of various fungal species were detected in dieback affected sissoo (Dargan et al. 2002) . However, none of these putative agents could be detected at all dieback affected sites (Baksha and Basak 2003) and in no case a definite proof of the pathogens via fulfilling of Koch's postulates was shown. It is therefore, very likely that other or additional biotic agents such as bacteria, phytoplasms, viruses or viroids might also or primarily be involved in the dieback disease. Phytopathogenic bacteria as putative agents had been neglected until we could demonstrate by 16S rDNA sequence analyses that bacteria of the genus Pseudomonas were associated with dieback affected sissoo trees from various sites in Bangladesh (Tantau et al. 2005) . Diseases of trees caused by Pseudomonas species including P. syringae and its numerous pathovars are of major concern world-wide (Kennelly et al. 2007) .
Similarly, neither viruses nor viroids have been studied so far in relation to dieback of sissoo, although these agents are well-known to cause serious diseases in forest trees (Nienhaus and Castello 1989) . Recently, by using a strategy based on the isolation of double stranded RNA (dsRNA) and cDNA cloning, which allowed the molecular characterization of the complete viral genome, we could identify a novel virus now named European mountain ash ringspot-associated virus (EMARaV) (Mielke and Muehlbach 2007) . Therefore, we decided to apply this strategy together with bioassays and transmission electron microscopy (TEM) in order to see whether virus particles or viral RNA could be detected in leaves of dieback affected Dalbergia sissoo trees.
Materials and Methods
Leaves of dieback affected Dalbergia sissoo trees were collected from various sites in Bangladesh, as shown in Table 1 . Mixed leaf samples from various parts of each individual tree were used in this investigation. Samples P6 and P9 were collected at Sirajganj in the Eastern Rajshahi division, while the others were sampled at sites in the Dhaka division, P8 at Tangail, P20 and P22 at Mirzapur, and P29 -P33 at Pubail/Tangail. Severity of sissoo dieback disease was assessed in the following rating as shown in Table 1 : 'No' disease means no typical symptoms of dieback, 'mild' disease with chlorosis and necrosis on leaves as well as initial crown transparency, 'medium' disease with strong leaf necrosis, advanced crown transparency, gummosis and necrosis (black spots) at the bottom parts of the trunk, while 'severe' disease means almost all foliage and most of twigs and branches of higher order lost (stagheadedness), and black spots at the trunk up to at least 2 m height. Collected leaves were kept cool and wet in sealed plastic bags for at maximum 48 hours during transport and finally stored at -70° C.
For bioassays the following herbaceous indicator plants were used: Nicotiana tabacum var. 'Xanthi' and 'Samsun', Chenopodium quinoa and Phaseolus vulgaris. Seeds were provided by Dr. C. Heinze (Department of Biology, University of Hamburg) or were obtained from the seed collection of the Botanical Garden, University of Hamburg. Plants were grown in the greenhouse under natural light at temperatures ranging from 16 to 30° C. Bioassays were performed with homogenates made from dieback affected sissoo leaves in the following homogenisation buffers: 0.1 M KH 2 PO 4 , pH 7.0, according to Fulton (1966) ; 0.1 M sodium phosphate buffer (pH 7.0); 0.01 M potassium phosphate buffer (pH 7.0), containing 0.01 M Na 2 SO 3 , according to Chen et al. (2005) . Sissoo leaves (1 g) were first ground in liquid nitrogen to a fine powder. Subsequently 2 or 20 ml of the corresponding buffer were added, homogenized further, and used for inoculation of leaves of indicator plants dusted with carborundum (P320). Aliquots of 30 µl of the original homogenate or in a dilution of 1/10 with the corresponding homogenization buffer were used per leaf. Alternatively, leaves of indicator plants were inoculated using the dry homogenized powder of sissoo leaves after grinding in liquid nitrogen without any buffer added, called dry inoculation according to Dr. Anan Kadri (unpublished, University of Stuttgart, Institute of Biology, Pfaffenwaldring 57, 70569 Stuttgart, Germany). For dry inoculation corresponding quantities of dry homogenates were used. The inocula were softly distributed on the leaves using sterile, frosted microscopic slides. Plants were kept for five weeks in the greenhouse under the same conditions as described above and visually inspected every third day.
For TEM studies aliquots of 0.5 g of sissoo leaves were homogenized in 100 ml of 0.1 M sodium phosphate buffer, pH 7.0, or in 0.1 M potassium phosphate, pH 7.0. Hexagonal nickel grids (300 mesh) coated with 0.5% pioloform (Plano GmBH Wetzlar, Germany) were placed onto 15 µl drops of homogenate and incubated 5 min at 20° C. The grids were washed with 40 µl water and treated with 2% uranyl acetate solution for 2 min. The grids were inspected using TEM Leo 906 E (Zeiss, Oberkochen, Germany).
The protocol of Benthack et al. (2005) was used for the isolation of dsRNA with some necessary modifications, as described under Results. Distilled water and all buffer solutions were treated with 0.1% DEPC before being autoclaved. Briefly, 20 g of leaves from dieback affected and non affected sissoo trees were homogenized in 80 ml of homogenisation buffer and dsRNA was isolated through subsequent binding to CF11 cellulose. Contaminating DNA and single stranded RNA (ssRNA) were removed by incubation with DNase I and RNase A, respectively, in the presence of 0.3 M MgCl 2 . Preparations of dsRNA were analyzed in 1.0% agarose gels and documented after ethidium bromide staining in a GelVue UV transilluminator (Syngene). Size markers were Lamda DNA/EcoRI+HindIII, Gene Ruler DNA Ladder Low Range and Gene Ruler 100 bp DNA Ladder Plus (all from Fermentas, St. Leon-Rot, Germany).
Reverse transcription of dsRNA and degenerate oligonucleotide primed PCR (DOP-PCR) followed the protocol of Benthack et al. (2005) . For optimising the protocol, PEG 1500 was added to a final concentration of 7% (w/v) prior to the heating step. Reverse transcription was done using 20 units MMuLV reverse transcriptase (Fermentas) with the following temperature program: Ten min at 25° C, 25 min at 37° C, 25 min at 42° C (Mastercycler Gradient, Eppendorf, Hamburg). For DOP-PCR, aliquots of 5 µl were taken from the reverse transcription mix, diluted by adding 35 µl of sterile distilled water, denatured by heating (5 min at 99° C) and were then immediately chilled on ice. Alternatively, 5 µl aliquots were denatured by incubation together with 100 pmoles primer DOP1 (CCG ACT GCA GNN NNN NAT GTG, 20 pmol/µl, Metabion, Martinsried, Germany), and 144 µl DMSO at 65° C for 30 min, after which nucleic acids were immediately precipitated, according to Jelkmann et al. (1989) . Standard DOP-PCR mixture in a total volume of 50 µl contained 5 µl of the denatured cDNA (see above), 100 pmoles primer DOP1, 1 µl of desoxynucleotide mixture (10 mM each, Fermentas), 5 µl of 10x reaction buffer (Roche, Germany) and 1.5 units Taq DNA polymerase (Roche) according to the instruction in the DOP-PCR Master Kit (Roche). The DOP-PCR program was exactly as described by Benthack et al. (2005) . Aliquots of 10 µl were analyzed in 1% agarose gels.
Cloning of PCR products was performed by using the pGEM-T Easy vector system (Promega) following the manufacturer's instructions. Recombinant plasmids were transformed into Escherichia coli DH5α cells and recombinant clones were selected by blue-white screening, followed by standard PCR with vector-specific SP6/T7 primer pairs. Sequencing was carried out by using an Applied Biosystems ABI model 370A/373A automatic sequencer with BigDye Terminator kit (Applied Biosystems, Darmstadt, Germany). For sequence editing and primer selection, we used the DNAStar software LASERGENE. Database searching was done by using BLAST (NCBI).
To detect Fusarium spp. in the sissoo samples under study, PCR was performed using 500 ng total nucleic acid preparations from sissoo leaves with a primer pair derived from the cutinase gene specific for Fusarium solani (Stahl and Schäfer 1992) as well as with the taxon-selective primer pair ITS-fu for the genus Fusarium (Abd Elsalam et al. 2003) .
Results and Discussion
Leaf homogenates from the dieback affected trees P6, P30, and P32 as well as from the unaffected and healthy looking tree P8 were prepared and subjected to transmission electron microscopy (TEM) after negative contrasting using uranyl acetate. In samples from the dieback affected trees we could observe particles ranging in size from 60 nm (Fig. 1A and C) up to 130 nm (Fig. 1B and D) . The particles were more or less round shaped, resembling enveloped virus particles. In samples from the control tree P8 such typical structures were not observed. The particles detected in leaf homogenates of dieback affected sissoo resembled structures of enveloped virus particles found in diseased plants of unknown aetiology such as mountain ash ringfleck mosaic (Ebrahim-Nesbat and Izadpanah 1992) or fig mosaic disease (Martelli et al. 1993) . In both cases, after intensive search multipartite viruses with negative-sense RNA genomes were found to be associated with the disease Muehlbach 2007, Elbeaino et al. 2009 ). When leaves from dieback affected trees of Dalbergia sissoo were subjected to dsRNA isolation by using the previously established protocol of Benthack et al. (2005) , it became immediately evident that the original protocol had to be optimized for sissoo leaves. The volume of the extraction buffer had to be doubled in relation to the mass of leaf material used. In routine extraction, 20 g of frozen leaves were now homogenized with 80 ml of extraction buffer. In addition, incubation time for RNase A digestion was raised up to 60 min, instead of originally described 40 min, and due to its high viscosity the aqueous sample had to be diluted by adding the same volume of sterile distilled water prior to phenol/chloroform extraction. The resulting dsRNA preparations proved to be RNase A and DNase I resistant. The profiles of dsRNA from nine individual samples as indicated in Table 1 were analyzed electrophoretically. Although the isolation procedure was adapted to the requirements of sissoo leaf material, the yield of dsRNA was still low, but the bands were clearly visible in ethidium bromide stained agarose gels. A few examples of dsRNA profiles are shown in Fig. 2 . Complex patterns of dsRNA bands were observed with dieback affected samples, ranging from 0.6 kbp up to 3.5 kbp, which are summarized in Table 1 . Sample P8 (healthy tree) was the only one from which no dsRNA fragments could be isolated (Fig. 2) . A dsRNA band with 0.6 kbp was found in all dieback affected samples, while the most slowly migrating dsRNA band at 3.5 kbp was present in seven Table 1. out of eight dieback affected samples (Table 1) . This high molecular mass dsRNA was found in extracts made from samples with mild, medium and severe symptoms. Additional dsRNA bands at 0.9 kbp were found in six dieback affected trees, while in three samples dsRNA at 1.3 kbp was also detected and in two others at 1.9 kbp. The dsRNA patterns strongly indicated the association of a still unknown virus or viruses with dieback affected sissoo trees. To some extent the dsRNA patterns resembled the genome organisation of viruses with multipartite dsRNA genomes like mycoviruses (Nuss and Koltin 1990) , which are often associated with plant pathogenic fungi (Pearson et al. 2009 ). The virus either reduces or increases the virulence of its fungal host, leading to mitigated or enhanced symptoms, respectively, of the fungal infection (Pearson et al. 2009 ).
Since Fusarium solani had been reported to be associated with dieback (Bakshi 1954) , we tested first the presence of F. solani by PCR, using total nucleic acid preparations from leaves of dieback affected trees P6, P30 and P33, and Cut1 primers specific for the cutinase gene of F. solani (Stahl and Schäfer 1992) . With these primers F. solani was not detectable in the tested trees (Fig. 3A) . Then we used the taxon-selective primer pair ITS-fu (Abd Elsalam et al. 2003) , which indicated the presence of Fusarium spp. in trees P30 and P33 (Fig. 3B) . Sequencing of the cloned PCR products showed best homology to Fusarium oxysporum. However, Fusarium associated mycoviruses such as FusoV (Nogawa et al. 1996) and FupoV (Compel et al. 1999) were not detected by PCR using conserved primer pairs (data not shown). Anyway, it is still likely that the evidence for viral infection is due to fungus associated mycoviruses. However, the dsRNA pattern itself was not sufficient to conclude on the nature of the putative virus associated with sissoo trees. More information was expected from cloning and sequencing of the dsRNA fraction. We used our previously established protocol for reverse transcription and PCR of dsRNA from virus infected Sorbus aucuparia (Benthack et al. 2005) . The most critical factors for efficient reverse transcription and PCR of dsRNA from Dalbergia sissoo were the complete denaturation of the dsRNA complexes on one hand and the presence of inhibitory compounds for PCR on the other hand. Amplification products from dsRNA of D. sissoo were only obtained, when denaturation and RT-PCR were done in the presence of 7% PEG 1500 according to Pandey et al. (1996) . PCR amplicons ranged in size from about 0.1 up to at least 1 kbp, which has been exemplarily shown for P33 and P6 (Fig. 4, Lanes 1 and 2 ).
For sequence analyses, the complete RT-PCR products of the dsRNA preparation of tree P6 were cloned. Insert sizes ranged from about 150 to 700 bp. Only clones with inserts of more than 200 bp in length were sequenced. While the majority of the sequences did not show homologies to already annotated plant or virus genes in databases, one clone (number 34) showed, on the basis of deduced amino acids, 37.5% identity to the RNA dependent RNA polymerase (RdRp) of melon yellow spot virus (MYSV), a member of the genus tospovirus which belongs to the family Bunyaviridae (Okuda et al. 2004) . The homologous sequence is located at the C-terminal region of the RdRp open reading frame of MYSV, as shown in Fig. 5 . The sequence similarity is too low to allow any conclusion on the nature of the putative virus in sissoo trees. On the other hand, the electron microscopic investigation, dsRNA patterns and the sequence similarity of a cloned PCR fragment all together argue in favour of the presence of viral particles in the leaves of dieback affected sissoo. However, all attempts to transmit the putative virus mechanically onto highly susceptible herbaceous indicator plants failed so far. After mechanical inoculation of typical indicator plants (Nicotiana tabacum, Chenopodium quinoa, Phaseolus vulgaris) with sissoo leaf homogenates prepared by four different homogenisation procedures, plants were observed over five weeks. In no case we could detect any visible symptoms on the plants, which had been inoculated with homogenates from leaves of dieback affected sissoo trees (not shown). On the other hand, this is not too surprising and might have several reasons, since not all viruses are easily transmissible by mechanical inoculation. Many of them require the specific and complex interaction with vectors like Frankliniella occidentalis, the vector of tospoviruses (summarized in German et al. 1992) . In particular viruses of woody plants are very difficult to inoculate on herbaceous indicator plants. These viruses often show a very uneven distribution in various tissues and also reach only low titres (Garrett et al. 1985) . Therefore the use of mixed samples, as has been carefully followed in the present study, is highly recommended. Inhibitory compounds in leaf homogenates, such as polyphenols and polysaccharides may interfere with mechanical transmission as well (Loebenstein 1972) . As long as information on the nature of the putative virus in Dalbergia sissoo is still limited, appropriate techniques for efficient transmission onto herbaceous plants are difficult to establish.
It is still unknown to what extent a putative virus infection could contribute to the dieback disease of D. sissoo. There are very limited reports on the association of plant viruses with the dieback syndrome of woody plants. Bertioli et al. (1993) described the presence of a virus related to nepoviruses or comoviruses in an ash tree (Fraxinus sp.) with dieback, and cucumber mosaic virus (CMV) was detected in dieback affected kava (Piper methysticum) in Fiji (Davis et al. 2005) . On the other hand, the association of phytopathogenic bacteria with dieback affected sissoo trees (Tantau et al. 2005) provides further evidence for a complex interaction of various pathogens in dieback affected sissoo trees. Since virus infected woody plants are thought to be more susceptible to non viral pathogens (Büttner and Nienhaus 1989) , it is conceivable that viral infection of Dalbergia sissoo might contribute to the severity of the dieback disease.
